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Abstract
Active control of structural sound radiation is a promising technique to overcome
the poor passive acoustic isolation performance of lightweight structures in the
low–frequency region. Active structural acoustic control commonly aims at the
suppression of the far–field radiated sound power. This paper is concerned with
the active control of sound radiation into acoustic enclosures. Experimental
results of a coupled rectangular plate-fluid system under stochastic excitation
are presented. The amplitudes of the frequency-independent interior radiation
modes are determined in real-time using a set of structural vibration sensors,
for the purpose of estimating their contribution to the acoustic potential energy
in the enclosure. This approach is validated by acoustic measurements inside
the cavity. Utilizing a feedback control approach, a broadband reduction of the
global acoustic response inside the enclosure is achieved.
Keywords: Active control, ASAC, Radiation modes, Fluid–structure
interaction
1. Introduction
Most recent approaches for the active control of sound radiation of vibrating
structures into enclosed spaces are based on structural mode sensing [1, 2]. This
requires a priori knowledge of the structural mode shapes which can necessitate
a high identification effort. In Hesse et al. [3], the structural vibration is
decomposed into a set of interior radiation modes. The interior radiation modes
are orthogonal functions that describe vibration modes of the structure, such
that the contribution from each one of them to the acoustic potential energy in
the enclosed fluid is uncoupled from any other. The interior radiation modes
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calculated in [3] do not presume the knowledge of structural mode shapes and
are independent of frequency, as they are a subset of the cavity modes at the
structural interface. Since the radiation modes are orthogonal with respect to
the acoustic potential energy, their reduction by active means will lead to a
global reduction of the enclosed sound field.
The mechanisms of the active control of the acoustic potential energy are
investigated in a series of publications by Snyder et al. [4, 5] using secondary
control inputs in the fluid and on the structure. Using an analytical model
with vibration control sources, e.g. a point force, the two mechanisms of modal
suppression and modal rearrangement can occur. The mechanism of modal
suppression consists in the reduction of structural modal amplitudes, which are
efficiently coupled to the fluid modes. Modal rearrangement on the other hand,
is based on the fact, that one fluid mode is in general coupled to more than one
structural mode. If this is the case, the structural modes are rearranged in a
way, that the coupling to the cavity mode is less efficient.
Many approaches, regarding experimental realizations of active control of
structural sound radiation into enclosed spaces, deal with the reduction of local
sound pressures [6, 7, 8] or local energy density [9]. Kim and Brennan investigate
the active control of harmonic and random sound transmission into an acoustic
enclosure [10, 11]. 11 microphones inside the cavity are used as error sensors
and the acoustic potential energy is estimated based on the sum of the squared
pressure amplitudes. A structural actuator is shown to be more successful in
controlling the structural vibration modes than an acoustic actuator.
The approach of local pressure control does not necessarily result in a global
reduction of sound radiation. Although the active control with structural error
sensing based on radiation modes is investigated numerically [1, 2], an experi-
mental study using a set of radiation modes and yielding a broadband reduction
of the acoustic potential energy is not known to the authors. A reason for the
absence of experimental work may be found in the frequency–dependence of the
resulting radiation modes, when calculated numerically. These radiation modes
have been proven frequency–independent for two considered systems of fluid–
structure interaction in [3] using an analytical formulation and are used in this
study for experimental investigations.
This paper describes an experimental implementation of the global active
control of sound radiation in an acoustic enclosure. The system of fluid–structure
interaction consists of a rectangular plate coupled to a cuboid cavity. Section
2 describes the experimental setup. A set of harmonic velocities is measured
by means of a scanning laser vibrometer (SLV) and included into an identified
plant model. Radiation filters are then evaluated and appended to this plant.
The system identification process as well as the control synthesis are described
in detail in section 3. An overview of the achieved global noise suppression as
well as the control mechanisms is given in section 4. Section 5 concludes this
study and gives an outlook to future research.
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2. Experimental setup
This section presents the experimental set–up of the plate–cavity system, as
well as the measurement equipment and the active elements used. An exterior
view of the experimental plate–cavity system is shown in Fig. 1a. The plate is
made of 2mm thick aluminium with the dimensions (Lx×Ly) = (0.6×0.8) m2.
The plate edges are fixed in an aluminium frame of 15mm thickness. A total of
24 accelerometers are distributed equally spaced across the plate. Additionally,
a grid of 13× 15 highly reflective dots are applied to the plate to facilitate the
measurement of the surface velocity by a SLV.
(a) (b)
Figure 1: Experimental set–up of the plate-cavity system as seen from the outside (a) and the
inside (b); the cavity includes loudspeakers and microphones for the evaluation of the acoustic
potential energy
The hardware components for the active control system are listed in Table 1.
The disturbance is induced by a primary shaker while two secondary shakers
are used for the active suppression of sound radiation. During the experimen-
tal identification process, broadband uncorrelated signals for the primary and
secondary shakers are generated by a dSPACE R©rapid control prototyping sys-
tem. The low-pass filtered accelerometer outputs are measured and the transfer
functions estimated. The positions of the primary and secondary shakers as
well as the sensors on the plate are summarized in Fig. 2. For the primary
shaker the position is chosen not to coincide with a nodal line in the frequency
range up to 500Hz, so that all modes of the plate can be excited. The positions
of the secondary actuators were chosen taking into account controllability and
observability criteria as stated by Gawronski [12].
Fig. 1b shows an interior view of the acoustic cavity comprised of a wooden
mock-up. The acoustic boundary is built as a double-plate system with addi-
tional damping in its enclosed cavity. The interior cavity of the experimental
set–up has a depth of Lz = 0.42m. An array of 4×8 microphones is used for the
acoustic measurements. The microphone array is shifted in six equally spaced
positions along the cavity depth, so that a total of 192 pressure measurements
is used for the calculation of the acoustic potential energy. It should be noted,
that the microphones are not part of the control system, as they are solely used
for the evaluation of the acoustic potential energy. The hardware components
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Table 1: Hardware components of the active control system
Device Type Additional data
Accelerometer PCB 352A24 Mass m = 0.8 g
Primary Shaker LDS V201 -
Control Shaker Visaton EX45 Mass m = 60 g
Real-Time dSPACE R© Sampling frequency Fs = 1kHz
system DS1006
Low-pass Kemo Card Cut-off frequency Fc = 1kHz,
filters Master 255G Attenuation 24 dB/Octave
s1
s2
s3
s4
s5
...
p
a1
a2
y
x
0.12m
0.114m
Figure 2: Positions of primary shaker (p), actuators (am) and sensors (sn)
for the acoustic measurements are detailed in Table 2.
3. System identification and controller synthesis
An overview of the methods used for the system identification and the con-
troller design is given in this section. The identification of plant models, their
extension with additional velocity outputs as well as radiation filter sensing are
presented. Based on the extended plant model with the radiation filter output,
the applied feedback control synthesis is described.
3.1. Extended plant model
The synthesis of feedback controllers necessitates accurate models of the
plant to be controlled. For this study, a linear time-invariant discrete-time
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Table 2: Hardware components for structural and acoustic measurements
Device Type
Scanning laser OFV-055 (scan unit),
doppler vibrometer OFV-3001-S (controller)
Microphones PCB T130D21
Data acquisition frontend NI PXI-1042Q
state-space model G(z) is used, which is described at discrete time steps n ∈ N0
as
x(n+ 1) = Ax(n) +Bu(n) (1a)
y(n) = Cx(n) +Du(n), (1b)
whereA, B, C andD describe the system maxtrix, input matrix, output matrix
and feedthrough matrix, respectively. Based on Eqs. (1a) and (1b), the plant
model G(z) can be defined as
G(z) :=
[
A B
C D
]
, (2)
with the complex variable z = exp(iωT ). Here, exp(·) describes the exponential
function, i =
√−1 the complex unit, ω the angular frequency and T the sam-
pling period. For the control system shown in Fig. 1a, u ∈ Rnu are the primary
and secondary shaker inputs and y ∈ Rny are the accelerometer outputs, with
n{·} describing the size of the vector {·}. In Eqs. (1a) and (1b), x ∈ Rnx is the
state vector. The matrices A, B, C and D of the state space model are identi-
fied using measured data of u and y. For the system identification, the subspace
identification method based on QR as well as singular value decomposition is
used, the theory of which can be found e.g. in the textbook of Katayama [13].
The singular values of the frequency response are shown in Fig. 3, comparing
the identified plant using 150 states with the measured transfer functions.
Since a good agreement of the modelled and measured transfer paths is evi-
dent, this number of states is sufficient to model the plant dynamics accurately.
For the efficient active control of acoustic quantities, e.g. sound power or
potential energy, over a wide frequency range a finer grid of measured data
is needed than supplied by accelerometer measurements. In order to include
additional velocity outputs in the control model, an extended plant [14, 15] is
identified, based on SLV measurements. The identification process of the ex-
tended plant takes place as follows. Every shaker (primary and secondary) is
excited individually as the point velocities are measured by the SLV sequentially.
The resulting complex frequency response function (FRF) matrix H(zk) links
the three actuators to the 195 SLV measurement points. In order to include
these points in the plant G, additional state-space matrices Cext and Dext are
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Figure 3: Comparison of singular values of the frequency response
calculated. Fixing the system matrix A and the input matrix B of the original
plant model, yields the least-squares problem
H(zk) =
[
Cext Dext
] [ [Ezk −A]−1B
E
]
, for k = 1,2,...,N, (3)
where E is the identity matrix. Eq. (3) needs to be solved for the unknown
matrices Cext and Dext for all N discrete frequency points. Appending the
velocity outputs to the plant in Eqs. (1a) and (1b) results in the extended plant
Gext(ω)
x(n+ 1) = Ax(n) +Bu(n) (4a)[
yext(n)
y(n)
]
=
[
Cext
C
]
x(n) +
[
Dext
D
]
u(n), (4b)
with
Gext(ω) =
 A BCext Dext
C D
 . (5)
The extended plant Gext(ω) allows the real-time estimation of the additional
point velocities yext(n) by measuring the accelerometer outputs y. In Fig. 4,
the singular values of the additional part (excluding the sensor outputs) of the
extended plant Gext(ω) are compared to the singular values of the FRF matrix
H(zk). A reasonable agreement is indicated.
3.2. Interior radiation filters
The interior radiation efficiencies and modes are calculated in [3], using an
analytical formulation. For experimental application, the radiation modes of
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Figure 4: Comparison of singular values of the extended plant
the rectangular plate are evaluated at the SLV measurement points. Due to
manufacturing tolerances of the experimental setup and temperature fluctua-
tions, the eigenfrequencies and -forms as well as the damping characteristics
of the acoustic medium will change compared to the analytical model. In this
study, the eigenforms are assumed to be invariant.
It is shown in [3], that the acoustic potential energy E(ω) can be described in
terms of the surrounding structural velocity v(x, y, ω) on the surface S. The
acoustic potential energy E(ω) can be rewritten for the rectangular cavity as a
function dependent on the interior radiation modes ul,m(x, y)
ul,m(x, y) = cos
(
lpix
Lx
)
cos
(
mpiy
Ly
)
(6)
and radiation efficiencies sl,m(ω)
sl,m(ω) =
∞∑
n=0
ρc2
4Γl,m,n
∣∣∣∣∣ iωω2l,m,n + 2iζl,m,nωl,m,nω − ω2
∣∣∣∣∣
2
(7)
as
E(ω) =
∞∑
l,m=1
sl,m(ω)
∣∣∣∣∣∣
∫
S
ul,m(x, y)v(x, y, ω)dS
∣∣∣∣∣∣
2
. (8)
Here, l, m and n are the acoustic modal indices in the x, y and z-direction
respectively. The scalars ρ and c describe the fluid density and sound velocity.
These are assumed as ρ = 1.204 kgm3 and c = 343
m
s . The volume normalization
factors Γl,m,n of the rectangular cavity modes are derived according to
Γl,m,n =
LxLyLz
8
lmn (9)
7
with
l =
{
2 , l = 0
1 , otherwise.
(10)
The angular eigenfrequencies ωl,m,n and modal damping ratios ζl,m,n of the
cavity in Eq. (7) are identified by means of a broadband loudspeaker excitation
inside the cavity and measuring the resulting acoustic response using the micro-
phones. For identification purposes, a loudspeaker excitation is preferred over
a structural excitation, since using an acoustic source less structural vibration
modes are excited and the cavity modes can be identified more distinctly. The
resulting FRF matrix from the loudspeaker to the microphones is utilized, to
identify the acoustic eigenfrequencies. Additionally, the corresponding modal
damping ratios are calculated using the half-power bandwidth method [16]. The
values of the identified compared to the analytical eigenfrequencies according
to [3] as well as the corresponding modal damping ratios are shown in Table 3.
It should be noted, that the (0, 0, 0) cavity mode at 0 Hz can not be measured.
However, the cavity mode can not be neglected, due to its high coupling to
the (1, 1) structural mode. It has been observed, that the modal damping does
not change the resulting radiation filter output to a high degree. The modal
damping ratio of this cavity mode is therefore assumed as 1%.
Using the identified eigenfrequencies and modal damping ratios, the radiation
Table 3: Identified acoustic eigenfrequencies
(l,m, n) Experimental Freq. Analytical Freq. Damp. rat.
(0, 0, 0) 0Hz 0Hz 1.00%
(0, 1, 0) 211.9Hz 214.37Hz 2.65%
(1, 0, 0) 288.1Hz 285.83Hz 1.19%
(1, 1, 0) 369.4Hz 357.29Hz 1.60%
(0, 0, 1) 417.5Hz 408.33Hz 0.90%
(0, 2, 0) 429.4Hz 428.75Hz 0.80%
(0, 1, 1) 461.3Hz 461.18Hz 0.88%
(1, 0, 1) 497.5Hz 498.43Hz 0.69%
efficiencies are calculated according to Eq. (7). A total of five radiation modes
dominates the considered frequency range. The radiation efficiencies are de-
picted in Fig. 5a.
The square root of each radiation efficiency
√
sl,m(z) is modelled as a minimum
phase filter Sj(z) by means of the Robust Control Toolbox [17] in Matlab
R©. The
singular values of the identified state-space model with the state-dimension four
and the square root of the radiation efficiencies are shown in Fig. 5b. A good
agreement of the identified model Sj(z) with the square root of the radiation
efficiencies is achieved. The radiation filter rj(z) with index j is calculated from
a spatial discretisation of the radiation modes uj ∈ R195 as
rj(z) = Sj(z)u
T
j . (11)
8
0 200 400
10−12
10−8
10−4
100
Frequency [Hz]
A
m
p
li
tu
d
e
[k
g
/
m
4
]
RM 1
RM 2
RM 3
RM 4
RM 5
(a)
0 200 400
10−4
10−3
10−2
10−1
100
Frequenz [Hz]
A
m
p
li
tu
d
e
[-
]
√
sl,m(z)
Model Sj(z)
(b)
Figure 5: Radiation efficiencies (a) and comparison of singular values for the radiation filters
(b)
Stacking of all radiation filters rj(z) into a single system yields a rectangular
transfer matrix R(z). The 195 velocity outputs yext(n) of the extended plant
are multiplied by R(z), which leads to five outputs, the signal energy of which
corresponds to the acoustic potential energy radiated by each radiation mode.
With the five radiation filters, the acoustic potential energy in the enclosure
is estimated based on the structural velocity. In order to get a reference for
the estimation of the acoustic potential energy, a number of t = 192 acoustic
pressure values p inside the cavity are measured as described in section 2. The
acoustic potential energy Er(ω) obtained by the measurements is calculated as
Er(ω) =
LxLyLz
4ρc2t
pHp. (12)
A comparison of the measurement Er(ω) with the FRFs from the primary input
to the acoustic potential energy for the case of radiation filter sensing at the
SLV points is shown in Fig. 6. A qualitative agreement of the coupled system
dynamics can be observed in the considered frequency range.
3.3. H∞ control
This section describes the weighting scheme of the identified plant as well
as the synthesis of the controller K used in this study. Fig. 7 shows the control
concept, including the extended plant Gext and the radiation filter R as men-
tioned in the preceding section. Subsequently, the frequency–dependence of the
plant models is omitted for the sake of brevity. Due to the stochastic nature
of the excitation, the feedback controller needs to provide broadband control
performance. This is achieved by using a robust control approach [18].
The transfer functions of the plant P in Fig. 7 can be expressed as
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Figure 7: Control concept for feedback radiation filter control
{
p
y
}
= P
{
d
u
}
=
[
P11 P12
P21 P22
]{
d
u
}
. (13)
In Eq. (13), d describes the disturbance, y the sensor outputs, u the controller
output and p the performance output.
The control objective for robust control is achieved by minimising theH∞ norm
of the transfer function from the disturbance d to the performance output p
[18]. By introducing a frequency–dependent weighting function W, additional
constraints for the quantities can be introduced. The weighting scheme for the
closed control loop is shown in Fig. 8, consisting of four weighting filters. The
calculation of the weighting filters is based on two variables, which are related
to the rate of disturbance rejection and restriction of the control input [19]. The
aim of the H∞ control synthesis is to find a controller K that limits the H∞
norm of the plant Tzw below a value γ:
||Tzw||∞ = sup
ω∈R
σ¯(Tzw(iω)) < γ. (14)
Here, the operator sup describes the supremum over all real valued frequencies
ω and σ¯ is the maximum singular value. As can be seen from Fig. 8, the transfer
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function Tzw is defined as
Tzw =
[
WSGp (P11 −P12KSP21)WSGd WSGpP12KSWKSr
−WKSuKSP21WSGd WKSuKSWKSr
]
(15)
with the sensitivity S
S = [E+P22K]
−1
. (16)
The term P11 − P12KSP21 describes the closed loop transfer path from the
disturbance d to the performance output p. The solution of the synthesis for
the controllerK is computed in Matlab R©by means of the Robust Control Toolbox
[17].
4. Control results
This section presents the control measurement results. The closed loop per-
formance is evaluated in terms of the plate vibration and cavity noise reduction.
The acoustic potential energy is estimated from the microphone measurement
data according to Eq. (12). A comparison of the estimated acoustic potential
energy for the open and closed loop measurements is shown in Fig. 9. Through-
out the frequency bandwidth of 0− 500Hz, a reduction of the sound radiation
can be observed, with narrowband exceptions occurring at 270Hz and 412Hz.
Integrated over the frequency bandwidth, a reduction of 2.14 dB in acoustic
potential energy is achieved. A maximum reduction of 14.31 dB is observed at
176.3Hz. The corresponding reduction in mean squared velocity level of the
structural vibration is plotted in Fig. 10. Contrary to the acoustic potential
energy, the mean velocity is not necessarily reduced in order to achieve a reduc-
tion in sound radiation. This phenomenon is also known from the active control
of the far field radiated sound power [20].
In order to evaluate the mechanisms involved in the reduction of sound ra-
diation, Figs. 11 and 12 show exemplary operating deflection shapes of the
structural velocity in the open and closed loop cases respectively. At 38.75Hz
it becomes evident, that mainly one structural mode contributes to the interior
sound field. The resulting suppression of radiated noise is therefore attributable
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Figure 9: FRF from primary shaker to acoustic potential energy
to the reduction of this structural mode. This fact is emphasized by the equal
reduction rate in acoustic potential energy (Fig. 9) and mean squared velocity
(Fig. 10) of ≈ 5 dB. At 95Hz on the other hand, a reduction of interior noise ra-
diation is achieved by a restructuring of the mode shape. The volume–displacing
mode, similar to a (1, 3) mode, is converted to a non–volume–displacing (2, 2)
mode. The class of non–volume–displacing modes are likely to be less efficiently
coupled to interior enclosures [21]. Fig. 13 shows the corresponding magnitude
sound pressure distribution inside the cavity at 95Hz, as measured by the mi-
crophone array according to section 2. A global reduction of the cavity noise is
evident for the closed loop response in Fig. 13b.
The magnitude of the sound pressure distribution at 176.3Hz for the open
and closed loop is shown in Fig. 14, where a maximum reduction of the acoustic
potential energy is achieved. At this frequency, the cavity response to the struc-
tural excitation is dominated by the acoustic (0, 1, 0) mode with a nodal line at
0.4m. The closed loop response depicted in Fig. 14b shows a global reduction
in sound pressure throughout the cavity.
5. Conclusion
The frequency-independent radiation modes of interior sound radiation are
studied using an experimental coupled plate–fluid system. Radiation mode sens-
ing is conducted through an extension of structural velocity measurements to
the plant model. The estimated acoustic potential energy resulting from radia-
tion mode sensing is compared to microphone measurements and a qualitative
agreement is shown. The active control of the radiation filter outputs is then
12
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Figure 10: FRF from primary shaker to mean squared velocity
evaluated using a H∞ controller. As a result, a broadband reduction of the
acoustic potential energy is achieved under stochastic excitation. Based on
structural and acoustic measurements, exemplary mechanisms involved in the
global reduction of interior noise are presented.
Future work will be focussed on the active control of interior sound radiation
including more realistic excitations as well as increasingly complex structure-
cavity systems. E.g. assuming an excitation of a turbulent boundary layer for
aerospace applications, the disturbance path cannot be included into the plant
model. Additionally, structural stiffeners as well as curvature effects need to be
taken into consideration in the case of more complex structures.
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